ABSTRACT: Pará rubber (Hevea brasiliensis) is grown primarily for latex. Some clones (timber clones) are frequently planted for wood production. Rubberwood, from old rubber trees, is an important economic byproduct. In general, the quality of the wood depends on multiple factors, including chemical and mechanical properties. This study investigates the effects of clone variety, height (1.3 and 6.0 m above ground level), and the variation between clone and height on chemical and mechanical properties of seven Pará rubber clones (RRIT 251, RRIM 600, RRI-CH-35-59, RRI-CH-35-650, RRI-CH-35-1397, RRI-CH-35-1757, and RRI-CH-35-2086). Thirteen-year old trees were sampled selecting one tree per clone. Results showed that height had a significant effect on the chemical components of the wood. Furthermore, the interaction between clone and height also had an effect on the chemical composition of cellulose, hemicelluloses, lignin, and extractives. In contrast, the mechanical properties of rubberwood depended a lot on the clone variety. The chemical and mechanical properties of rubberwood were significantly correlated among the seven clones studied. RRI-CH-35-1757, RRI-CH-35-2086, and RRIM 600 had the highest values for holocellulose as the main chemical components and mechanical strength.
INTRODUCTION
Pará rubber (Hevea brasiliensis) is now widely cultivated in Asia, especially in Southeast Asia 1 , and has recently become an important economic crop in Thailand. Rubber applications include latex and wood production. The latex has been used for vehicle tires, medical appliance, shoes, condoms, and cosmetics. Rubberwood is normally used to manufacture furniture and wood panelling. Recently, medium density fibreboard, particleboard, and oriented-strand board have been produced from rubberwood 2 . Rubberwood is obtained by cutting old rubber trees (25-30 years of age) after the latex production has decreased. After 25 years, rubber trees usually have a clear bole of 3-10 m, depending on the tree and the growing conditions 3 . Variation in wood properties depends upon specific environmental and genetic factors 4 . For example, wood chemical properties depend upon factors including species, age, height, and their growth environment 5 . The main chemical components of wood are cellulose, hemicelluloses, lignin, and extractives. In general, softwoods from gymnosperms have higher cellulose and lignin, and lower pentosan levels compared to hardwoods or angiosperms 6 . Among many studies regarding wood chemical properties, Hu et al 7 reported that the deposition of lignin and cellulose can be regulated in ways that allow woody perennial plants to grow, yet maintain strength. In addition, Reghu 8 showed that the lignin percentage of wild Hevea germplasm ranged from 19-25%, whereas that of Wickham clones ranged from 21-23% 8 . The same group also revealed that lignin biopolymer and cell wall phenolic quantities can be reliable tools for early detection of wood quality and growth in H. brasiliensis. Zaki et al 9 studied two latex timber clones, Rubber Research Institute of Malaysia (RRIM) 2009 and RRIM 2024, and found significant variation in holocellulose and α-cellulose contents between these clones. Moreover, wood at the base of these trees had the highest α-cellulose values within 1.3 m from the ground.
The mechanical properties of wood indicate its strength properties and behaviour for specific applications 10 . Rubberwood mechanical values vary depending on tree age and height. For example, the tensile strength of wood from the RRIM 600 clone decreases with age, but wood at bottom of the tree retains greater tensile strength than wood at the top 4 . Furthermore, Naji et al 11 reported that the fibre length of wood has a significant effect on its mechanical strength and longitudinal shrinkage.
Chemical composition also influences the woods mechanical properties. Specifically, cellulose microfibrils are thought to be responsible for the tensile strength of wood. The structure of cellulose is advantageous for resisting tensile stress 12 , probably due to covalent bonds in the pyranose ring and glucose units 6 . The present study therefore determines the chemical and mechanical properties of wood from several rubber clones and evaluate their suitability for various applications. Furthermore, the correlation between chemical and mechanical properties of rubberwood was also examined.
MATERIALS AND METHODS
Seven clones, one tree from each clone type, were selected for this study. All trees were 13 years old and grew under uniform environmental conditions. The plantation was located at Surat Thani Rubber Research Centre, Thailand. These seven clones included two commercial clones (RRIT 251 and RRIM 600) and five of their progenies from a breeding program in 1992 (RRI-CH-35-59; R59, RRI-CH-35-650; R650, RRI-CH-35-1397; R1397, RRI-CH-35-1757; R1757, and RRI-CH-35-2086; R2086). The samples used for chemical and mechanical property testing were prepared from 1.0 m long trunk cuttings at two positions, 1.3 m and 6.0 m above the ground. Logs from the two positions were then cut into three cross sections; one 20 cm section was used for chemical analysis and two 40 cm sections for mechanical property analysis (Fig. 1) .
Each 20 cm section was divided into two blocks per height level for chemical composition analysis. Samples taken from the 1.3 m and 6.0 m height level consisted of X 1 and X 2 , and X 3 and X 4 samples, respectively. Wood mechanical properties were tested on each block (Fig. 2) Table 1 ).
for mechanical testing were labelled A and labelled B for chemical composition; therefore, two 40 cm sections, mechanical properties were measured on eight wood samples (Table 1) . Each tree had four entries per harvest height: A 1 , A 2 , A 3 , A 4 (1.3 m) and A 5 , A 6 , A 7 , A 8 (6.0 m). Samples for mechanical properties were tested to determine the modulus of rupture (MOR) and the modulus of elasticity (MOE) (sample A), the compression parallel and perpendicular to grain (samples B and D, respectively), the shear parallel to grain (sample C), the tension perpendicular to grain (sample E), the hardness (sample F), and the cleavage (sample G), as shown in Table 1 13 .
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Chemical composition analysis
The 20 cm sections of wood samples were taken from the middle of 1.3 m and 6.0 m height. (Fig. 1) . The samples were dried outdoors for 2-3 days to decrease moisture content. These samples were then cut into toothpick size pieces and ground into fine particles using a Wiley mill (Brabender, Japan International Cooperation Agency). The ground wood was sieved through 40 mesh (425 µm) and < 60 mesh (µm) screen to obtain wood powder.
The wood powder chemical composition was analysed according to the Technical Association of the pulp and Paper Industry (TAPPI) standard methods 14 . Solubility in ethanol-benzene and ethanol was analysed by the TAPPI T 204 cm-02 method (solvent extractives of wood and pulp). Other chemical analysis methods include: TAPPI T 207 om-02 to analyse hot water solubility, TAPPI T 211 om-02 to analyse ash content, TAPPI T 222 om-02 to analyse lignin content, TAPPI T 203 om-02 to analyse α-cellulose content, and TAPPI T 223 cm-02 to analyse pentosan content. Holocellulose content was analysed by the acid chlorite method of Browning 15 . Hemicellulose content was calculated as holocellulose-α-cellulose 16, 17 .
Mechanical property analysis
The wood mechanical or strength properties included wood consistency (hardness) and the ability to resist applied forces. Samples for mechanical analysis were taken from the 40 cm sections of the logs. Wood samples from each log were distributed throughout the log cross sections. The specimens were cut and conditioned at 65% RH and 20°C prior to testing. Data from mechanical tests were recorded into an automatic storage system that reported the relationship between load and deformation, although only the maximum force applied in each test was recorded. Wood density of all samples was determined according to Eckelman 18 , as the dry weight of a sample divided by its volume. The standard for mechanical testing is listed in Table 1 .
Statistical analysis
Differences in rubberwood chemical and mechanical properties at two heights (1.3 m and 6.0 m) were evaluated in seven rubberwood clones using a two-stage nested design 19 including two factors, tree and height level, with height level nested within tree. When a significant effect was detected by ANOVA, Duncan's Multiple Range test was applied to detect the difference among means for chemical and mechanical properties by rubberwood clone and height. These statistical tests were performed using CROPSTAT v. 7.2.3 (http://bbi.irri. org/products). Correlations between chemical and mechanical properties were analysed using Pearson's correlation to identify relationships between traits. The correlation analysis was calculated using PAST palaeontological statistics program, v. 2.17 20 or http://folk.uio.no/ohammer/past/.
RESULTS AND DISCUSSION

Chemical properties
Wood samples were analysed to identify the quantity of components in seven rubberwood trees. The ash content at 1.3 m trunk height was higher than at 6.0 m ( Table 2 ). At 1.3 m, clones R1397 and R650 had the highest percentage of ash content. Furthermore, clone R650 had the highest ash content at 6.0 m, but greater levels were still found at 1.3 m. The effect of tree on ash content therefore depended on the height of harvested trunk. Generally, the ash content of wood was below 1%, with higher levels in the wood being considered unsuitable for manufacturing paper (TAPPI T211 om-02). Among hardwoods, Eucalyptus camaldulensis and Acacia mangium have ash contents of 0.6 and 0.22%, respectively. Both species would be more suitable raw material for paper and pulp industries due to their low ash content 21, 22 . Clone R59 low ash content of 0.6% may be suitable for manufacturing paper and pulp ( Table 2) .
Analyses of variance between clone variant and height were significant for ethanol-benzene, ethanol, and hot water solubility (Table 3 ). The ethanol-benzene extracts of rubberwood consisted of non-polar-soluble materials, primarily waxes, fats, resins, gums, and water-soluble substances (TAPPI T204 om-02). The percentage of ethanol- benzene-soluble components was the highest for clone R650 at 1.3 m and highest for clone R1397 at 6.0 m ( Table 2 ). The percentages of ethanol and hot-water soluble components were the highest for R59 and R2086 at 1.3 m, respectively. At 6.0 m, clone RRIT 251 had the highest percentage of ethanol-soluble components, and clone R1757 had the highest percentage of hot-water soluble components (Table 2 ). These rubber trees could be divided into two groups according to the total extract contents. In the first group, tree from clones R650, R59, and R2086 had the highest percentage of all soluble components measured at the 1.3 m trunk height. In the second group, R1397, RRIT 251, and R1757 had the highest percentages of all soluble components measured at 6.0 m trunk height (Table 2) .
Klason lignin was obtained after removing polysaccharides from extracted wood using 72% H 2 SO 4 23 . Lignin functions in the cohesion of wood and contributes to the mechanical strength 24, 25 . At the 1.3 m, lignin content was lower than at 6.0 m ( Table 2 ). The tree variant and height for lignin content had significant variation (Table 3 ). Reghu 8 showed that the lignin percent ranged from 19-25% in wild Hevea germplasm, and from 21-23% in Wickham trees. Lignin content can be a reliable tool for early determination of genetically variable 26 . α-Cellulose is the wood pulp fraction resistant to 17.5 and 9.45% NaOH solutions under test conditions. In general, the α-cellulose value indicates an undegraded, higher-molecular-weight cellulose content in pulp (TAPPI T203 cm-02). Importantly, α-cellulose contributes to wood strength, and increases resistance to crushing. Thus a higher α-cellulose content results in stronger wood 6, 27, 28 . At 1.3 m, clone R1757 had the highest α-cellulose content (Table 2) . ANOVA between tree and trunk height was significant for α-cellulose content (Table 3) . Clones R1757 and R2086 had the highest α-cellulose content at 6.0 m trunk height (Table 2) , consistent with Zaki et al 9 who reported a significant tree and trunk height interaction for the α-cellulose content of rubberwood trees. α-Cellulose decreases with increasing tree height because cellulose and hemicellulose form the thicker secondary walls of mature cells at the base of the tree.
Holocellulose comprise the total cellulose and hemicellulose content of a woody material. To determine hollocellulose, all lignin should be removed, leaving the carbohydrates in place 29 . At 1.3 m trunk height, clone R1757 had the highest holocellulose content (Table 2) . However, at 6.0 m trunk height, tree R2086 had the highest holocellulose content (Table 2) . Results in Table 3 showed that the ANOVA between tree and height was significant.
The RRIT 251 clone had the highest hemicellulose content at 1.3 m trunk height (Table 2) , while RRIM 600 had the highest hemicellulose content at 6.0 m ( Table 2 ). The hemicellulose content in these trees depended on the tree and sample height. Thus the hemicellulose content of rubberwood trees in this study is based on tree height, and height nested within tree, such that hemicellulose content varied at height and among tree clone. Pentosan content contributes to the strength of paper and pulp (TAPPI T223 cm-01) 14 . High pentosan content is desirable because it acts as glue, coordinating the physical linking of other chemical components in wood (TAPPI T223 cm-02) 14 . Differences in pentosan content depend on tree species, age, height, and environmental conditions. The pentosan content of hardwoods ranges from 19-25% 30 . The RRIM 600 clone had the highest pentosan content at 1.3 m, while clone R1397 had the highest content at 6.0 m ( Table 2 ). Kocaefe et al 31 showed that white birch and quaking aspen (hardwoods) contain 23 and 19% pentosan, respectively. These results are inconsistent with the decreased pentosan content associated with increased height observed in the present study.
Mechanical properties
Rubberwood has been categorized as a mediumstrength and naturally durable wood 32 . Density can have an enormous impact on mechanical properties, and can accurately predict mechanical strength values 33, 34 . The present study indicated that rubberwood density was not significantly different among the seven trees. Static bending tests, including MOR and MOE, indicated that rubberwood can be a useful material for building construction due to the strength properties. The MOR and MOE values are used to characterize the strength of beams, joists, rafters, and purlins 15 . The results of mechanical properties showed that these seven trees were significantly different (p = 0.000) for tensile stress perpendicular to grain (Table 4 ). The density was significantly different (p = 0.03) (Table 4) . However, the MOE, compressive stress parallel and perpendicular to the grain, shearing stress parallel to the grain, hardness, and cleavage were not significantly different.
Higher values for MOR and MOE indicate a greater strength and stiffness 35 , respectively. The Table 4 Results of nested ANOVA for the variation in tree and height on mechanical properties of wood from seven rubberwood (H. brasiliensis) trees. MOR can be used to divide these seven trees into two groups: one group consisting of RRIT 251, RRIM 600, R59, R1397, R1757, and R2086, and the other group consisting of tree R650. The first group had high values for strength in terms of the MOR (Table 5) . Bur-flower tree has values of 58 and 5500 MPa for the MOR and MOE, respectively 36 . In comparison, the seven trees in the present study had higher values for strength and stiffness properties in static bending. It is possible that the response to static bending may depend on the test procedure and tree.
Tests of the tensile strength of wood perpendicular to its grain are used to determine the suitability of wood for mechanically connected timber joints 13 . These seven trees can be divided into two groups based on tensile strength perpendicular to the grain: the first group consists of RRIT 251, R650, R1397, R1757, and R2086, and the second group includes RRIM 600 and R59 (Table 5 ). The first group was performed in the present study and the results indicated they would be suitable for manufacturing furniture due to higher tensile strength than the typical range used in the furniture industry 37 . Moreover, the first group had the highest tensile strength perpendicular to grain.
Hardness is used to determine the suitability of wood for floors, sporting goods, and furniture 13 . These seven trees can be divided into three groups based on the hardness. The first group includes RRIT 251 and RRIM 600, which are commercial trees, the second group R59, R650, and R1397, and the third group R1757 and R2086 ( Table 5 ). The first group had the highest hardness values. Thus RRIT 251 and RRIM 600 would be recommended for planting because both are established commercial trees and can be used for manufacturing furniture.
Correlation between chemical and mechanical properties
Hemicellulose, lignin, and pentosan contents were negatively correlated with resistance to cleavage properties and tensile strength (Fig. 3) . The α-cellulose and lignin contents were negatively correlated (p < 0.01). Among mechanical properties, the correlation between MOR and MOE was significant (p < 0.01, data not shown). In addition, correlation coefficients were significant (p < 0.05) between α-cellulose and static bending (MOR and MOE), α-cellulose and cleavage, lignin and tensile strength perpendicular to the grain, and between pentosan content, and tensile strength perpendicular to the grain (Fig. 3) . However, mechanical properties such as hemicellulose content, cleavage, and wood density, and other chemical components of wood were not significantly correlated (p > 0.05), even though they play important roles in independently determining wood strength 38 . Mechanical properties of wood have shown moderate positive correlations with other important wood characteristics 39, 40 . This investigation of the relationship between chemical and mechanical properties has provided valuable information. Generally, correlations between MOR and MOE were positive and moderate. One focus of this study was to determine whether α-cellulose content and static bending strength parameters were correlated, as both traits theoretically indicate the strength properties of wood. When wood contained higher percentages of α-cellulose, the amount of force necessary to achieve maximum load increased. Moreover, α-cellulose was also negatively correlated with www.scienceasia.org lignin content. Apparently, lignin contributes to only supplementary strength, as do hemicelluloses 7 . There is a strong relationship between the mannan content of α-cellulose isolated from wood and the MOR (equivalent to work-to-maximum load) of solid wood 40 . Higher α-cellulose content resulted in greater resistance to static bending (MOR and MOE) 6, 31, 41 . Finally, there were moderate negative correlations between holocellulose and cleavage, and between lignin or pentosan and tensile strength (Fig. 3) . However, for the seven rubberwood trees analysed here, there was no relationship between hemicellulose and MOR or MOE.
Conclusion
The study of chemical and mechanical properties of seven rubberwood trees will provide useful information for breeding programs and provide scientific based evidence for selecting the best tree variety for quality timber and other products. This information can be used for comparative studies with other rubberwood trees being evaluated for wood quality improvement and other applications. All the wood properties that were studied showed a significant difference between clone and height. The effect of height depended on the genetic influence of each tree. Variation in chemical compositions among these rubberwood trees result from the effects between height and tree variety, but the mechanical strength properties resulted only from the effects of trees. Chemical and mechanical properties of wood can predict timber quality, reduce production costs, and increase agricultural and economic benefits derived from the timber. In this study, tree clones R1757, R2086, and RRIM 600 had the best values for chemical composition and mechanical strength that produce high quality wood. These trees have therefore good potential to be used in the rubberwood industry. In the future, three of these seven rubberwood trees will be introduced as latex or timber trees.
